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Preeclampsia (PE), a pregnancy-specific disease characterized by hypertension and proteinuria, remains to be one of the major causes of maternal and fetal morbidity, mortality and preterm birth, affecting 2-8% of all pregnant women [1] . The etiopathogenesis of PE has not been fully elucidated; however, it is well recognized that PE is associated with impaired trophoblast invasion in early pregnancy [2] , producing the subsequent oxidative stress and angiogenic imbalance that contribute to the development of endothelial dysfunction in the later gestation period of PE patients [3] [4] [5] .
2-methoxyestradiol (2-ME) is a natural metabolite of 17β-estradiol, which is generated by catechol-O-methyltransferase (COMT) [6] [7] [8] [9] . This enzyme is widely distributed in many mammalian tissues including liver, kidney, brain and placenta [10, 11] . Recent evidence has demonstrated that 2-ME under low-oxygen conditions is critical for the proper cytotrophoblast invasion, placental vascular development and regulation of oxygen tension during normal pregnancy; therefore, impaired 2-ME synthesis/release has been implicated in the etiopathogenesis of PE [2, 5, 6] . In support of this concept, Kanasaki et al. has also reported that COMT-deficient mice exhibit a PE-like phenotype and placental hypoxia in pregnancy [7] , and such PE-like features could be rescued by subcutaneous injection of 2-ME, further confirming the major roles of COMT/2-ME interactions in PE.
Previous studies have demonstrated that circulating 2-ME levels are low (18-138 pg/ ml or 0.059-0.46 nM) in non-pregnant women and dramatically increase during pregnancy (216-10,690 pg/ml or 0.72-35.4 nM) [12] [13] [14] [15] . Meanwhile, Jobe et al. (2013) recently reported mean maternal plasma 2-ME levels (2186 pg/ml, ~ 7 nM) in normotensive full term pregnant women was significantly higher than those in mild PE (mPE, 1813 pg/ml, 6 nM) and severe PE (sPE, 982 pg/ml, 3nM) as 2-ME was measured using liquid chromatography mass spectrometry [16] . In addition, another study showed that 2-ME levels in plasma at the first trimester (11-14th weeks) from women who developed PE later in pregnancy were significantly lower (1.9±2.0 vs. 61.7±27 pg/ml, ~0.006 nM vs. 0.204 nM) than those in normal controls [8] . However, little information is available regarding changes in serum levels of 2-ME during the first, second, and third trimester of pregnancy, and in the patients with mPE and sPE compared with gestational age-matched normotensive controls, as well as the molecular mechanisms underlying these changes. Similarly, the distribution and expression of COMT in the placenta and its association with mPE and sPE still remain poorly studied.
Considering the alteration of maternal 2-ME levels in preeclampsia patients, we hypothesize that 2-ME is potentially involved in the occurrence of preeclampsia by interfere with the biological behaviors of trophoblasts. Therefore, the aim of this study was to determine the levels of maternal serum 2-ME during normal pregnancy, also in the patients with mPE and sPE, as well as its effects on the trophoblast cell proliferation and migration under either nomorxia (20% O 2 ) or hypoxia (2.5% O 2 ) to test our hypothesis that altered serum 2-ME levels may result in the impaired trophoblast functions in preeclampsia. We also investigated the placental COMT expression and/or distribution in the first trimester and full term as well as those in the patients with mPE and sPE to further explore the mechanisms responsible for the altered 2-ME levels in preeclampsia.
Materials and Methods

Patients and samples collection
Maternal blood samples from patients in different trimesters of pregnancy, patients diagnosed with mPE and sPE, and non-pregnancy were collected in vacutainer tubes without EDTA for serum separation. Patients' ages were similar between these groups. The samples were centrifuged at 4℃ with a relative centrifugal force of 1500×g for 10 min. The supernatant serum samples were transferred to clean 1.5ml Eppendorf tubes and stored at -80 o C for EIA (Enzyme Immunoassay) analysis. Preeclampsia was defined according to the guidelines of the US National Institutes of Health (US National High Blood Pressure Education Program 2000). Preeclampsia was considered severe if one or more of the following criteria were present: maternal blood pressure higher than or equal to 160/110 mmHg on two separate readings; proteinuria more than 2+ by dipstick or more than 2 g/24 h; visual disturbances; pulmonary edema; epigastric or right upper quadrant pain; impaired liver function; thrombocytopenia; or fetal growth restriction [1, 17] . Preterm is defined as a delivery before 37 weeks of gestation. All the preterm patients exhibited spontaneous preterm labor and/or premature rupture of membranes without evidence of infection (microbiological culture investigations and histopathological examinations), proteinuria, hypertensive disease or maternal co-morbidities [18] .
Placental tissues were obtained from a portion of normal (39 ± 0.3 wks, n = 7), mPE (39 ± 0.5 wks, n = 8) and sPE patients (36 ± 1.3 wks, n = 7) and obtained immediately (< 30 mins) after delivery by caesarean section. Small pieces (~ 0.5cm 3 ) were cut from the fetal part of the placentas under the aseptic conditions and washed briefly in sterile PBS to remove maternal blood contamination. The chorionic villi samples in the first trimester of pregnancy (7.12 ± 0.24 wks) were obtained and dissected out immediately after vacuum aspiration and washed in sterile PBS. All samples were frozen within 15 minutes of delivery and stored in liquid nitrogen for Western blot analysis. Additional placental tissues from first trimester and third trimester were fixed at 4°C using 4% paraformaldehyde in 10 mM PBS within 24 hours and embedded them in paraffin for immunohistochemistry (IHC).
The collection of blood and placental samples were approved by the Scientific and Ethical Committee of the Shanghai First Maternity and Infant Hospital affiliated with Tongji University. All of the samples were collected with a written informed consent provided by the participants.
2-ME measurement
Maternal 2-ME levels in serum were determined using a human 2-ME EIA kit (Cayman Chemical Company, No.582261, Ann Arbor, MI) according to the manufacturer's instructions. The detection limit of 2-ME was approximately 40 pg/ml. Samples were added with internal standard working solution, incubated at 4 °C overnight and followed by several cleanup steps. The samples in the 96-well plate were read at 405nm with a microplate reader (MULTISKAN MK3, Thermo Scientific, Rockford, IL). The concentrations of 2-ME were calculated based on the standard curve.
IHC
Immunolocalization of COMT in the placental tissues was visualized by indirect detection via the avidin:biotinylated-peroxidase complex method (Vector Laboratories, Burlingame, CA) as described [19] . Tissue sections (5 μm) were deparaffinized and dehydrated. Endogenous peroxidase activity was quenched by immersing the tissue sections in 3% H 2 O 2 in methanol for 10 min. After blocking the non-specific binding with 1% horse serum albumin for 20 min, the tissue sections were probed with a rabbit anti-COMT antibody 
Western blot analysis
Total placental tissue lysates were prepared by homogenization as previously described [19, 20] . The extracted protein concentration was measured with BCA Protein Assay Kit (Thermo Scientific). 20 μg proteins were separated on 10% SDS-PAGE gels. Proteins were transferred to polyvinylidene difluoride membranes (Roche Diagnostics, No. IPVH00010, Indianapolis, IN). After blocking (5% milk in TBST, 0.1% Tween-20) in room temperature for 1 h, the membranes were probed with rabbit anti-human COMT antibody (1:15000; Chemicon International, No. AB5873), and anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH; 1:5000; Kangchen, No. KC-5G4) as an endogenous loading control, respectively. Proteins were visualized using enhanced chemiluminescence reagents (Thermo Scientific, No. KC-5G4) and the immunoreactive signals were analyzed by densitometry using the Image-J imaging analysis software (NIH, Bethesda, MD).
Cell Proliferation and Migration
To explore the role of 2-ME in trophoblast cells, cell proliferation and migration were conducted using human trophoblast (HTR-8/SVneo) cell line, originally obtained from Dr. Charles H. Graham (Queen's University, Ontario, Canada) as described [21, 22] . The HTR-8/SVneo cell, an immortalized extravillous cell line, is widely used as a trophoblast cell model for studying normal trophoblast function. HTR-8/SVneo For the cell proliferation assay, cells seeded in 96-well plates (2000 cells/well) were cultured in DMEM/ F12 media. After 16h, attached cells were treated with different concentrations of 2-ME (0-100 nM; Tocris, No. 1807, Ballwin, MO) in media supplemented with 10% FBS and 1% P/S under nomoxia (20% oxygen) or hypoxia (2.5% oxygen) for up to 48 hours. The number of cells was determined using the crystal violet method. Wells containing known cell numbers (0, 1000, 2000, 5000, 10,000, 20,000 or 40,000 cells/well; 6 wells/cell density) were treated in the similar fashion to establish standard curves. Four independent experiments were run for the cell proliferation assay.
Cell migration was evaluated using a 24-Multiwell BD Falcon FluoroBlok Insert System (8.0 μm pores; BD Biosciences, San Jose, CA). After treatment without or with 100 nM 2-ME under normoxic or hypoxic condition for 48 hr, cells (100,000 cells/well) were seeded into the insert (topside of membrane) in the DMEM/F12 media with 1% FBS. The bottom wells of the chamber were filled with DMEM/F12 media with 10% FBS. After 16 h treatment without or with 100 nM 2-ME under normoxic or hypoxic condition, cells that migrated to the bottom of the inserts were stained with calcein AM (0.2 μg/ml; Invitrogen, No. C3100MP) for 30 min, examined and recorded by an inverted microscope mounted with a CCD camera. The numbers of migrated cells were counted using the MetaMorph image analysis software (Molecular Devices, Sunnyvale, CA).
Statistical analysis
Values are presented as mean ± S.E.M. unless otherwise indicated. All statistics were performed with SigmaStat, version 3.5 (Jandel Co., San Rafael, CA), applying one way ANOVA followed by Fisher LSD method for clinical characteristics, 2-ME concentration and cells proliferation comparison; two way ANOVA followed by Bonferroni t-test for Western blot analysis; and Student's t-test for cells migration comparison. Significant differences were considered when p < 0.05.
Results
Serum 2-ME levels were elevated with the progression of pregnancy
There is no significant difference of maternal age in patients with non-pregnancy (28 ± 1.0 year, n = 15), first trimester (26 ± 1.2 year, n = 10), second trimester (28 ± 0.9 year, n = 10) and third trimester (28 ± 0.7 year, n = 9) of normal pregnancy without delivery. The maternal serum 2-ME concentrations were notably higher in the third trimester (281 ± 26.1 pg/ml, p < 0.05) than those in the first (188 ± 23.5 pg/ml), second trimester (152 ± 6.8 pg/ml) and non-pregnancy women (148 ± 14.7 pg/ml) (Fig. 1A) , indicating that 2-ME concentrations is increasing with the progression of pregnancy.
Serum 2-ME levels were lower in patients with mPE and sPE
The clinical characteristics from full term, preterm, mPE and sPE patient are shown in Table 1 . No significant discrepancies were observed in the maternal age among all four groups studied. Consistent with previous epidemiologic studies [23] , patients with sPE and preterm had smaller (p ≤ 0.001) gestational ages and lower fetal weights (p ≤ 0.001) compared to the full term. Serum 2-ME concentrations were significantly decreased in both mPE (330 ± 30.2 pg/ml, p = 0.024) and sPE (290 ± 23.4 pg/ml, p = 0.001) than those in the term control (428 ± 29.1 pg/ml, Fig. 1B) . By contrast, no marked alteration was observed between sPE and preterm control (273±13.8 pg/ml, p = 0.703, Fig. 1B) , which probably contributed to the lower levels in preterm controls when compared to term controls.
COMT protein was present in the human placentas IHC was performed to localize COMT in the human placentas. Positive brownish staining for COMT was observed primarily in both the syncytiotrophoblast and cytotrophoblast layers from the first trimester pregnancy and in the syncytiotrophoblast layer and villous stroma cells of the placentas from full term pregnancy (Fig. 2) . 
COMT protein levels were high in normal term placentas
Total placental COMT protein levels in different stages during pregnancy was investigated by Western blot analysis. We observed a significant elevation in soluble cytoplasmic COMT Fig. 3 . Western blot analysis for COMT protein in human placentas from normal pregnancies. Placentas were obtained from the first trimester (n = 11) and full term placenta (n = 10). Representative Western blots are shown for COMT and GAP-DH. Data are normalized to GAPDH are expressed as mean ± S.E.M. fold of MB-COMT expression in first trimester placentas (two way ANOVA, *p < 0.05, **p < 0.001). 
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2-ME under normoxia and hypoxia differentially affect HTR-8/SVneo cell proliferation and migration
To examine the role of 2-ME in regulating the placental cell function in normoxic and hypoxic conditions, we determined the effects of 2-ME on trophoblast cell proliferation and migration using HTR-8/SVneo cells as a cell model (Figs. 5 and 6 ). We found that 2-ME at 100 nM concentration significantly suppressed HTR-8/SVneo cells proliferation under normoxia (p < 0.001), but no such effect was observed under hypoxia (p = 0.08). In addition, 2-ME at physiological concentrations (0.1 nM -10 nM) did not interfere with HTR-8/SVneo cells proliferation under neither normoxia nor hypoxia (Fig. 5) . Furthermore, 2-ME at 100 nM contration did not affect HTR-8/SVneo cells migration under normoxia; however, such migration was significantly induced under hypoxia (p < 0.001, Fig. 6 ). 6 . Effects of 2-ME on HTR-8/SVneo cell migration under normoxia or hypoxia. The cells suspended in serum-free DMEM/F12 were overlaid in the upper chamber of each transwell. After incubation with 2-ME (100nM) for 16 hrs under normoxic or hypoxic condition, the penetrating cells were stained with calcein AM and recorded under a microscope mounted with a charge-coupled device camera. A) Photographs depict the migration of HTR-8/SVneo cells; B) quantitative data are expressed as mean ± S.E.M. fold of the control from three independent experiments. Asterisks indicate significant (Student's t-test, *p < 0.001) differences from the control under either 20% O 2 or 2.5% O 2 condition.
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Discussion
In this study we demonstrated that maternal serum 2-ME levels were increased from non-pregnancy state and early pregnancy to later pregnancy. We found that 2-ME levels were decreased in patients with mPE and sPE as compared to the normotensive full term control. Meanwhile preterm controls had lower levels of 2-ME than full term controls. More importantly, these increases in maternal serum 2-ME levels during normal pregnancy are associated with the elevated placental COMT protein levels; however, these decreases in 2-ME in mPE and sPE are not accompanied by the reduction in placental COMT. Lastly, we also showed that 2-ME only at its high pharmacological (100 nM) suppressed cell proliferation under 20% O 2 but not 2.5% O 2 . Also 2-ME (100 nM) under 2.5% O 2 but not 20% O 2 enhanced cell migration in vitro.
In the current study, we determined the levels of maternal serum 2-ME during different trimesters of normal pregnancy and non-pregnancy state. More importantly, we found 2-ME was elevated from the third trimester of normal human pregnancies, while there were no significant difference in the first trimester, second trimester of normal pregnancy and nonpregnancy state. The serum 2-ME values measured using EIA are within the physiological range previously reported [24] [25] [26] . Although these values in the full term and PE are approximately 5 fold lower than those detected by liquid chromatography mass spectrometry [24] , these discrepancies are likely contributed to the different analysis methods used. Our current results are in agreement with previous observations that 2-ME concentrations were notably higher in the full term than those in non-pregnancy state [7] , and also provide new evidence showing serum 2-ME levels were elevated during the third trimester of normal pregnancy.
The decreased 2-ME in mPE and sPE observed in the current study is consistent with the report by Jobe et al. as compared with full term pregnancy [24] . Thus, despite that mPE and sPE may have different pathogenesis [21, 22] , both mPE and sPE are associated with similar decreases in maternal serum 2-ME levels. These data suggest that such decreases might be their common features, and may serve as a serum diagnostic marker for PE in conjunction with other clinical diagnosis. More importantly, in the current study we firstly reported that no significant difference was detected between sPE and preterm controls when considered the same gestation age. Based on our present data that maternal serum 2-ME was increased as the gestational ages advanced, we cannot exclude the possibility that lower 2-ME levels in sPE could attribute to the short GAs. However, multiple factors may cause 2-ME levels decrease in preeclampsia except for gestation ages, especially for the synthesis and degradation pathways of 2-ME, which are still unresolved.
It is well demonstrated that COMT mRNA encoded both S-COMT and MB-COMT [10] , the former of which is responsible for the O-methylation of catecholamine neurotransmitters [27] , and the latter eliminates exogenous catechol compounds [10, 11] . Moreover, previous studies have revealed that S-COMT is a predominant form of COMT expressed in human tissues [28, 29] . We also showed that S-COMT is the major isoform of COMT in human placentas and is mainly expressed in the syncytiotrophoblast, cytotrophoblast and villous stroma cells, indicating that placental 2-ME are primarily synthesized in these placental cells. Moreover, our current observation showing in parallel with the increases of 2-ME, the increased ratio of S-COMT to MB-COMT from the first trimester and full term pregnancies with the progression of GAs is novel, further suggesting that placental S-COMT is a major source contributing to the increase in maternal serum 2-ME. Interestingly, the decreased serum 2-ME levels were not accompanied by the decreased placental COMT protein levels in mPE and sPE, which is in agreement with a recent report demonstrating that placental COMT expression was not altered in sPE compared to term or preterm normotensive pregnancies [9] . Except for COMT, other possible factors could be involved in this imbalance. Alterations in the 17β-estradiol synthetic pathway during pregnancy could explain that 2-ME can be regulated by other enzymes. For example, aromatase is not only responsible for the production of 17β-estradiol, but is also a rate-limiting enzyme in the synthesis of 2-ME [30] . The alterations in the functionality or bioavailability of aromatase may impact the levels of 2-ME. Indeed, the placental aromatase has been observed deficient in preeclampsia from recent study [31] . In addition, the decreased in both total plasma and albumin proteins in preeclamptic patients [32] may also contribute to the low levels of circulating 2-ME in preeclampsia.
It is well known that preeclampsia is closely associated with impaired trophoblast invasion in early pregnancy [2] . Until now, little has been known about the effects of 2-ME on the trophoblast cells proliferation and migration. Only one study reported that under 2.5% O 2 , but not 17% O 2 , 2-ME at 500 nM concentration significantly induced HTR-8/ SVneo cells migration [6] . Our current study demonstrated that under 20% O 2 but not 2.5% O 2 , 2-ME suppressed HTR-8/SVneo cells proliferation, and 2-ME enhanced HTR-8/ SVneo cells migratory ability under 2.5% O 2 in vitro, suggesting that oxygen environment is a pivotal determinants on trophoblast function [33] . Indeed, under hypoxic condition 2-ME downregulated HIF-1α level and its downstream target genes, which deeply involved in the cell growth based on recent study [34] . Additionally, in the present study 2-ME only at a pharmacological concentration but not at physiological levels inhibits trophoblast cell proliferation. Similarly, other than trophoblast cells, high 2-ME also regulate growth and function of other placental cells. For example, 2-ME at high concentrations (≥100 nM) has antiangiogenic effects via inhibition of endothelial proliferation [35] [36] [37] and cell permeability [38, 39] . It seems that 2-ME's effects on placental cells' functions are highly dependent on the concentrations used. To date, it is unknown if decreases in maternal serum 2-ME during PE have adverse effects on both of these cells function. On the other hand, increasing evidence has demonstrated that 2-ME may prevent structural damage of vascular endothelial cells during preeclampsia [7] , which may be mediated by suppressing hypoxia inducible factor-1α-mediated inflammation [7, 40, 41] as well as free radicals-and oxidized LDL-induced injury [25, 42] . Therefore, maintaining serum 2-ME concentrations within the normal range during pregnancy might be important in protecting against PE.
In this study, we observed that maternal serum 2-ME levels increased significantly in the third trimester of normal pregnancy; however, serum levels of 2-ME were lower in patients with clinical PE when compared to normotensive pregnancies. To date, there are questions around COMT/2-ME signaling in the occurrence of PE. Thus, 2-ME may have importance as a serum/plasma diagnostic marker of preeclampsia, and may also serve as a therapeutic supplement to prevent or treat preeclampsia. Better understanding of COMTand 2-ME-related mechanisms would help us to visualize the development of pregnancyrelated disorders such as PE, in order to explore effective strategies.
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